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Terminal oxidaseOxygenic photosynthesis depends on a highly conserved electron transport system, which must be particularly
dynamic in its response to environmental and physiological changes, in order to avoid an excess of excitation
energy and subsequent oxidative damage. Apart from cyclic electron ﬂow around PSII and around PSI, several
alternative electron transport pathways exist including a plastoquinol terminal oxidase (PTOX) that mediates
electron ﬂow fromplastoquinol to O2. The existence of PTOXwas ﬁrst hypothesized in 1982 and thiswas veriﬁed
years later based on the discovery of a non-heme, di-iron carboxylate protein localized to thylakoid membranes
that displayed sequence similarity to the mitochondrial alternative oxidase. The absence of this protein renders
higher plants susceptible to excitation pressure dependant variegation combined with impaired carotenoid
synthesis. Chloroplasts, as well as other plastids (i.e. etioplasts, amyloplasts and chromoplasts), fail to assemble
organized internal membrane structures correctly, when exposed to high excitation pressure early in
development. While the role of PTOX in plastid development is established, its physiological role under stress
conditions remains equivocal and we postulate that it serves as an alternative electron sink under conditions
where the acceptor side of PSI is limited. The aimof this review is toprovide anoverviewof the past achievements
in thisﬁeld and toofferdirections for future investigative efforts. Plastoquinol terminal oxidase (PTOX) is involved
in an alternative electron transport pathway that mediates electron ﬂow from plastoquinol to O2. This article is
part of a Special Issue entitled: Regulation of Electron Transport in Chloroplasts.al oxidase; CET, cyclic electron
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The thylakoid membranes of plants, green algae and cyanobacteria
contain specialized photosystems that absorb and trap light energy
which is subsequently transformed into chemical energy in the form of
ATP and NADPH and utilized in the biochemical reduction of carbon,
nitrogen, and sulfur (Fig. 1A). The photochemical reactions taking place
in thephotosystems are dependent upon thephotophysical processes of
light absorption andenergy transferwithin the light harvesting complexand the subsequent excitation migration from the light harvesting
pigments, through the core antenna to the reaction center pigments,
P680 andP700 of PSII and PSI respectively [1] (Fig. 1A). In addition to PSI
and PSII, linear electron transport (LET) is comprised of a third
supramolecular complex Cyt b6f, which connects the release of electrons
by PSII through photo-oxidation of P680 to the reduction of photo-
chemically-derived P700+ (Fig. 1A). Electrons from QA− are transferred
via QB and convert plastoquinone (PQ) to plastoquinol (PQH2) which is
subsequently oxidized by the Cyt b6f complex (Fig. 1A). This is
considered to be the rate-limiting step in photosynthetic electron
transport, because it depends on the rate diffusion of PQ/PQH2 through
the thylakoid membrane [1]. P700+ oxidizes the Cyt b6f complex via
plastocyanin which converts P700+ to P700. The oxidation of PQH2 via
the Cyt b6f complex occurs concomitantlywith the vectorial transport of
protons from the stroma to the thylakoid lumen. In the case of PSII,
P680+ exhibits a sufﬁciently positive reduction potential to oxidize H2O
via the lumenal oxygen evolving complex (Fig. 1A). This results in the
reduction of P680+ to P680, the evolution of O2 and the release of
protons into the thylakoid lumen. The proton gradient generated by LET
is used for the chemiosmotic synthesis of ATP by the chloroplast H+-
dependent ATP synthase.
Fig. 1. (A) During growth and development under optimal conditions the PQ pool remains preferentially oxidized because the rate of consumption of photosynthetic electrons
throughmetabolic sinks such as carbon ﬁxing reactions, as well as, N and S reduction keeps pacewith the rate at which PSII undergoes charge separation to reduce the PQ pool. Under
these conditions, the linear photosynthetic electron ﬂow (dark blue arrows) from PSII (water splitting) to PSI (NADP+ generation) dominates, although additional alternative
electron transport pathways (gray dashed arrows) might also be involved. The absorbed light energy is preferentially utilized by PSII photochemistry (ΦPSII, light blue arrow) and
thermally dissipated via ΔpH- and xanthophyll-dependent non-photochemical quenching (ΦNPQ, red arrow). (B) Under environmental stress conditions imposing limitations at
the acceptor site of PSI the excitation pressure over PSII increases and the PQ pool becomes predominantly reduced. The excess electrons can be diverted from the linear electron ﬂow
and utilized through photorespiration and other oxygen-dependent electron sinks generating ROS or re-circulated by the NDH-dependent PSI cyclic electron ﬂow. The latter and the
up-regulated electron ﬂow from stromal sources would further reduce the PQ pool. The back electron ﬂow over-reduces the primary electron acceptor of PSII (QA) resulting in
decreased PSII photochemistry (ΦPSII), increased non-photochemical quenching (ΦNPQ) and photodamage of the reaction center protein D1 of PSII. The ROS generated at the
acceptor side of PSI can also cause photodamage of the reaction center heterodimer PsaA/B of PSI. Possible alternative non-linear electron transport pathways involving PTOX/
IMMUTANS and PGR5 proteins are presented in gray symbols.
955A.E. McDonald et al. / Biochimica et Biophysica Acta 1807 (2011) 954–967Alternative pathways for PET include cyclic electron transport (CET)
around PS II [2,3] and PS I [4,5]. In addition, there exists a
chlororespiratory pathway [6,7] mediated by a chloroplastic dehydro-
genase (NDH) that uses stromal NAD(P)H for the non-photochemical
reduction of PQ to PQH2, which in turn, is oxidized by a chloroplast
targeted terminal plastoquinol oxidase (PTOX) (Fig. 1B). Overall, the
non-linearity of PET reﬂects a ﬂexible network of possible pathways for
photosynthetic electron transfer [8].
The relative redox state of PET reﬂects a balance between the rate
of energy input by the ultra-fast, temperature-independent photo-
chemical reactions occurring within the photosystems and the much
slower, temperature-sensitive downstream biochemical reactionswhich consume the generated ATP and NADPH. Thus, when exposed
to sub-optimal environmental conditions (e.g. high light, low
temperature, nutrient stress), photoautotrophs may absorb light
energy at a rate faster than it can be effectively utilized for CO2
assimilation or for nitrogen and sulfur-reduction (Fig. 1B) [9–11]. This
fact is illustrated most simply by a light response curve: while under
low light the rate of photosynthesis measured either as rates of CO2-
saturated O2 evolution or as rates of net CO2 assimilation is linearly
related to irradiance, whereas high light levels result in the saturation
of photosynthetic rates. The need for ﬂexibility in the PET becomes
obvious given the need to maintain cellular redox balance and
metabolic homeostasis.
Table 1
Bioinformatic evidence for different quinol terminal oxidases from various kingdoms.
Kingdom ARTO Cyt bd QOX AOX PTOX
Archaea N Y N N N
Eubacteria Y Y Y Y Ya
Protista N N N Y Ya
Fungi N N N Y N
Plantae N N N Y Y
Animalia Yb Yb N Y N
a PTOX distribution is limited to organisms capable of oxygenic photosynthesis.
b May represent bacterial contaminant.
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acts as a sensor of environmental change [12–14] that has been
proposed to trigger a nested set of responses due to cellular
integration over various time scales [15]. Short-term (seconds to
minutes) modulation of the redox state of PET has been to shown to
activate non-photochemical quenching of excess energy through the
xanthophyll cycle [16–18] as well as alterations in the excitation
distribution between photosystems through state transitions [19,20].
On a longer time scale (minutes to hours), modulation of the redox
state of PET has been to shown to induce changes in organellar gene
expression [21,22] and nuclear gene expression through retrograde
regulation [23] which alter the physical structure of the photosyn-
thetic apparatus. The best example of this is how the redox state of PQ
has been shown to modulate the expression of the genes that encode
the light-harvesting apparatus of PSII [24,25] resulting in changes to
the size of the light-harvesting pigment-protein complex around PSII.
On a time scale of weeks to months, changes to the redox state of PET
have been shown to affect plant growth habit and morphology
[26,27].
In addition to the redox state of the PQ pool, other signals
emanating from the acceptor-side of PSI as well as the precursor of
chlorophyll synthesis, magnesium protoporphyrin [28] and reactive
oxygen species generated by the PET [29] may constitute a complex
sensing/signalling network involved in the retrograde pathway of
communication between the chloroplast and the nucleus [23]. Clearly,
the precise molecular pathways for the transduction of redox signals
from the chloroplast to the nucleus to modulate gene expression
involved in photosynthetic acclimation is complex and remains
largely unknown. Collectively, the time-nested integration of short-
term and long-term photoacclimation processes [15] results in
photoprotection through nonphotochemical dissipation of excess
irradiance.
An alternative to photoprotection through non-photochemical
quenching of excess excitation energy is to increase electron sink
capacity; i.e. enhance the capacity to consume photochemically-
generated electrons through the reduction of CO2 or O2 [30]. Increased
sink capacity would help to keep the PQ pool oxidized and lower
excitation pressure. For example, in response to low temperatures,
cold tolerant plant species such as winter rye (Secale cereale L.),
winter wheat (Triticum aestivum L.), Brassica napus L. and Arabidopsis
thaliana upregulate sucrose biosynthesis and leaf carbon export
resulting in increased resistance to photoinhibition and increased
biomass production [31–35]. In addition, photorespiration can play an
important photoprotective role and can minimize photoinhibitory
damage and photo-oxidation of the photosynthetic apparatus under
various stress conditions [36–39] (Fig. 1B). Oxygen can directly accept
electrons from PSI in a process termed theMehler reaction resulting in
the generation of ROS and allowing linear electron transport to
continue when the electron acceptors of PSI are depleted [40]
(Fig. 1B). The resulting ROS are disproportionated to H2O2 and O2
by superoxide dismutase (SOD). Subsequently H2O2 is reduced to
water by ascorbate peroxidase in the chloroplast, a reaction
accompanied by the generation of monodehydroascorbate (MDA).
The water–water cycle consists of these scavenging reactions of ROS
plus the recycling of ascorbate. In fact, up to 50% of the photochem-
ically generated electrons can be consumed via photorespiration
[36,39] the water–water cycle [40] and direct photoreduction of O2 in
the Mehler ascorbate-peroxidase pathway [41]. In addition, plasto-
quinol terminal oxidase (PTOX) can oxidize PQH2, thereby inﬂuencing
the redox state of the PQ pool while consuming O2 and producing
water (Fig. 1B).
The identiﬁcation of PTOX as a chloroplast plastoquinol oxidase is
the newest, and hence the most controversial, redox component
associated with either LET and/or CET. As described below, this
oxidase was ﬁrst isolated in Arabidopsis as the gene product of the
well-known IMMUTANS locus [42,43], and hence it has been referredto as the IMMUTANS (IM) protein [44,45]. However, the function of
IM as a plastoquinol terminal oxidase led to its popular designation as
PTOX. To avoid confusion, we will use PTOX throughout the text,
except in cases where reference to a speciﬁc classical gene locus or its
speciﬁc product (i.e. IMMUTANS or GHOST) is more appropriate.
This review will focus on the structure, function and evolutionary
history of PTOX in photosynthetic organisms. Published data on PTOX
indicate that the physiological role(s) of this protein in LET remains
equivocal. Thus, the goal of this review is to analyze the disparate data
and conclusions regarding the physiological function(s) of PTOX in
LET and its role in the photoprotection of the photosynthetic
apparatus during exposure to environmental stresses. We focus our
discussion on recent discoveries about the diversity of PTOX genes in
photosynthetic organisms and its role in modulating/regulating
alternative electron transfer reactions of oxygenic photosynthesis.
Finally, we attempt to integrate published data in order to provide a
consensus regarding the function(s) of this enigmatic enzyme in
response to environmental stress as well as to identify major gaps in
our understanding of the structure, function and regulation of PTOX
and to highlight new directions for research.
2. The discovery of PTOX/IMMUTANS
2.1. Current evidence for plastoquinol terminal oxidase (PTOX) activity
Early in vivo chlorophyll ﬂuorescence kinetics and luminescence
studies revealed that mutants of Chlamydomonas reinhardtii and
Chlorella pyrenoidosa that lack PSI are capable of carrying out a type of
oxygen-dependent PQ oxidation that cannot be attributed to either
the Mehler reaction or photorespiration [6]. Subsequent studies with
C. reinhardtii strains deﬁcient in PSI or the Cytb6f complex revealed
that electrons from PSII can be used at a signiﬁcant rate by an oxidase
that is located between PSII and Cyt b6f, likely at the level of
plastoquinol [46,47]. Importantly, these studies were conducted with
isolated chloroplasts, which ruled out the possibility that reduction of
molecular O2 was occurring in mitochondria.
Bioinformatic evidence for several enzymes capable of oxidizing
quinols exists for many organisms (Table 1). These proteins often
contain various hemes and include the alternative respiratory
terminal oxidase (ARTO) which is closely related to COX; a bo-quinol
oxidase encoded by the qoxBAC operon (QOX); and the bd-quinol
oxidase (cyt bd) [48,49] (Table 1). In addition, many organisms
possess one or more di-iron carboxylate oxidases, plastoquinol
terminal oxidase (PTOX) and/or alternative oxidase (AOX), that do
not contain heme [50,51] (Table 1). A bioinformatics search for these
quinol oxidases across all kingdoms of life revealed that the kingdom
Eubacteria exhibits the largest complement of electron transport
chain oxidases (Table 1).
According to the serial endosymbiotic theory, the plastids of plants
and protists are decended from cyanobacteria [52]. The probable
plastoquinol terminal oxidases available within plastids after the
endosymbiotic event were ARTO, cyt bd, and PTOX (Table 1).
However, bioinformatic searches of plant and algal genomes have
failed to ﬁnd genes that encode for ARTO or cyt bd oxidases indicating
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PTOX in these organisms (Table 1; Fig. 2). The plastoquinol oxidase
activity of the PTOX protein (see below) was conﬁrmed by expressing
it in Escherichia coli cells and demonstrating that cyanide-resistant,
propyl-gallate sensitive oxygen consumption was present [53]. In
addition, ARTO, cyt bd, and QOX are all susceptible to inhibition by
cyanide [49,54] and PTOX distribution is strictly limited to organisms
that are capable of oxygenic photosynthesis (Table 1). Thus, it is
highly likely that the plastoquinol terminal oxidase activity detected
in the chloroplasts of algae and higher plants must be due to PTOX.
2.2. PTOX gene identiﬁcation/immutans as a model system
Variegated plants have green and white (or yellow) sectors in
most, if not all, normally green organs of the plant. Cells in the green
sectors contain normal functioning chloroplasts whereas the chloro-
plasts of the cells in the white (or yellow) sectors lack pigments and
are often blocked at various stages of chloroplast biogenesis [55,56].
Variegations can be caused by mutations in nuclear, chloroplast or
mitochondrial genes [57].
Variegation has been most widely studied in the immutans (im)
mutant of Arabidopsis, which is caused by a nuclear recessive gene, in
which the green and white sectors of the mutant have a uniform
genotype (im/im) [55,56,58]. Cells in the green sectors haveAnabaena variabilis PCC7120
Complex I
cytbc1
PSII
Ndh(c)
Ndh2
PQ/Q pool
cytb6f PC
cytc
PSI
COX1
COX2
PTOX
Chlamydomonas reinhardtii (chloroplasts)
PSII
PQ pool
cytb6f PC PSI
PTOX
Arabidopsis thaliana (chloroplasts)
PSII
Ndh(c)
PQ pool
cytb6f PC PSI
PTOX
Ndh2
Fig. 2. A comparison of the electron transport chains of a cyanobacterium (A. variabilis),
an alga (C. reinhardtii), and a plant (A. thaliana) illustrating the variety of entry and exit
points for electrons.morphologically normal chloroplasts, whereas cells in the white
sectors contain abnormal plastids that lack pigments and organized
internal membranes [58]. The white plastids accumulate phytoene, a
colorless C40 intermediate of carotenoid biosynthesis, indicating that
im may be impaired in the activity of phytoene desaturase (PDS),
which converts phytoene to zeta-carotene [58]. All the steps of
carotenogenesis occur in plastids by nuclear gene products that are
imported into the organelle post-translationally, and the PDS step
occurs early in this pathway [59]. The fact that this step is blocked in
im indicates that the white sectors are incapable of producing enough
downstream coloured carotenoids to avoid photooxidation; i.e., im is a
classic carotenoid mutant.
Molecular cloning and characterization of IMMUTANS (IM)
revealed that the gene codes for a chloroplast membrane protein
that is distantly-related to the mitochondrial inner membrane
alternative oxidase (AOX) [44,45]. AOX is a terminal oxidase in the
alternative pathway of respiration where it transfers electrons from
ubiquinol to molecular oxygen [51]. Given that the PDS step is
inhibited in im, it was proposed that the IM gene product plays an
essential role in the early steps of chloroplast biogenesis as a
component of a redox pathway that desaturates phytoene, and
perhaps zeta-carotene, during carotenogenesis [44,45]. In this path-
way, electrons are transferred from phytoene to the PQ pool via PDS,
and IM transfers the electrons from the PQ pool to molecular oxygen.
IM is expressed ubiquitously in Arabidopsis tissues and organs
throughout development, suggesting that PTOX functions in many
different plastid types [60,61]. Consistent with this idea, ultrastruc-
tural analyses have shown that the morphology of chloroplasts,
amyloplasts, etioplasts, and chromoplasts is impaired in im and/or in
the ghost (gh) variegation mutant of tomato, which is orthologous to
im [60,62,63]. There is a close correlation between the accumulation
of IM (GH)mRNAs and carotenoids in various Arabidopsis and tomato
tissues and organs [60,63]. On the other hand, high levels of IMmRNAs
are often present in tissues with low carotenoid levels such as roots
and etiolated seedlings. This suggests that PTOX mediates functions
other than carotenogenesis in these tissues [60]. For example, it has
been suggested that alternative terminal oxidases present in
cyanobacteria [64] and photosynthetic bacteria [65] as well as
prokaryotes in oligotrophic oceans [66] employ alternative oxidases
to facilitate the detoxiﬁcation of O2 in an aerobic environment.
After the IM gene product was identiﬁed as a plastoquinol terminal
oxidase (PTOX), it was proposed that PTOXmay act as a “safety valve,”
or alternate electron sink, to dissipate excess energy that might occur
during the photosynthetic assembly process in the absence of fully-
functional electron transport chains [17,44]. This idea forms the basis
of the current formulation of a variegation model, which holds that
developing plastids have unique thresholds of excitation pressure and
that PTOX is one of the central regulators of excitation pressure during
chloroplast biogenesis: developing im plastids with above-threshold
excitation pressures have overreduced thylakoids, and are thus
susceptible to photooxidation (white), whereas im plastids with
below-threshold excitation pressures are able to develop into normal
chloroplasts [27]. According to this scenario, the pattern of leaf
sectoring in mature leaves is a consequence of the pattern of leaf
development and the heterogeneity in excitation pressure during
early cell and plastid development. Thus, the chaotic sectoring in the
mature im leaf is established in the leaf primordium.
3. Evolutionary history of PTOX
3.1. Taxonomic distribution of PTOX
Molecular database searches and comparative genomic hybridiza-
tion analyses have revealed the presence of PTOX in nine cyanophages,
all of which are cyanomyoviruses related to phage T4 that infect
photosynthetic hosts (Table 2). While the presence of PTOX in the
Table 2
PTOX genes in all kingdoms of life. All accession numbers are from the National Center for Biotechnology Information (NCBI) database unless otherwise noted in the ﬁnal column.
Abbreviations are as follows: JCVI (J. Craig Venter Institute), Department of Energy Joint Genome Institute (DOE JGI), Taxonomical Broad EST Database (TBestDB).
Kingdom Species Accession
number
Condition Reference
Cyanophage P-SSM4 AAX46898 Genome
Syn9 ABA47087 Genome
S-RSM4 CAR63316 Genome
S-10M17
S-10M21
S-RSM13
S-BM6
S-BnM1
S-RSM78
Cyanobacteria Acaryochloris marina MBIC11017 YP_001514851 Genome
Acaryochloris marina MBIC11017 YP_001515889 Genome
Nostoc sp. PCC 7120 NP_486136 Genome
A. variabilis ATCC 29413 ABA20679 Genome DOE JGI
Gloeobacter violaceus PCC 7421 NP_923547.1 Genome
Prochlorococcus marinus str. AS9601 ABM69653 Genome JCVI
Prochlorococcus marinus clone ASNC729 ABE11017 Genome fragment
Prochlorococcus marinus subsp. pastoris str.
CCMP1986 (Prochlorococcus marinus MED4)
NP_892455 Genome
Prochlorococcus marinus str. MIT 9215 ABV49980 Genome NCBI
Prochlorococcus marinus str. MIT 9301 ABO16987 Genome DOE JGI
Prochlorococcus marinus str. MIT 9312 ABB49402 Genome DOE JGI
Prochlorococcus marinus str. NATL1A ABM75692 Genome Gordon and Betty Moore
Foundation Marine
Microbiology Initiative
Prochlorococcus marinus str. NATL2A AAZ57921 Genome DOE JGI
Synechococcus sp. BL107 ZP_01468216 Genome JCVI
Synechococcus sp. WH 8102 NP_896980 Genome
Synechococcus sp. CC9902 YP_376451 Genome DOE JGI
Glaucocystophytes Cyanophora paradoxa EC665193 High CO2 EST TBestDB
Glaucocystis nostochinearum EC119854 EST TBestDB
Glaucocystis nostochinearum EC123390 EST TBestDB
Red Lineage Cyanidioschyzon merolae CMI243C Genome C. merolae genome project
Cyanidioschyzon merolae CMI244C Genome C. merolae genome project
Aureococcus anophagefferens CCMP1984 FC030623.1 cDNA
Emiliania huxleyi CX778441 EST
Guillardia theta AJ937534 mRNA
Guillardia theta EG719331 EST TBestDB
Isochrysis galbana EC137851 EST TBestDB
Pavlova lutheri EC177425 EST TBestDB
P. tricornutum PTMM06091 Genome
CU697391 EST 48 h dark adapted cells exposed to blue light for 1 h
CU723124 EST high CO2 for 24 h
CU724879 EST high CO2 for 24 h
CU715778 Aerated culture of triradiate cells
CU722944 High CO2
CU705463 EST 48 h dark adapted cells exposed to blue light for 1 h
CU709210
CT886668 Iron starved
CD379284 EST
CT885630 low decadienal treated (0.5 μg/ml 2E, 4E-decadienal for 6 h
CT873007 silica starved (artiﬁcial seawater)
CT886668 Iron starved
CT875938 silica added (350 μM metasilicate in artiﬁcial seawater)
Thalassiosira pseudonana FC512609 Silicate limited cells
FC515241 Silicate limited cells
FC486928
FC516799 Iron limited cells
FC512608 Silicate limited cells
FC486927
Green Lineage Closterium peracerosum-strigosum-littorale BW646635 Vegetative and sexual reproductive stages
Mesostigma viride DN261778 Vegetative culture
C. reinhardtii AAM12876
C. reinhardtii strain CC-503 cw92 mt+. XP_001703466
C. reinhardtii CC-1690 (mt+), CC-1691
(mt-), Gamete
BU649769
H. pluvialis ABF85790
ABF85789
Micromonas sp. CCMP490 EC846377
EC845621
Ostreococcus tauri CAL55767
CAL58090
Volvox carteri f. nagariensis FD840213 Sexually induced male
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Table 2 (continued)
Kingdom Species Accession
number
Condition Reference
Green Lineage Bigelowiella natans AAP79178
Marchantia polymorpha BJ859934 Male sexual organ
BJ868499 Male sexual organ
Physcomitrella patens XP_001774094
XP_001766430
FC366820 Protonema, Asexual stage, monoic organism
FC407150 Protonema, Asexual stage, monoic organism
Selaginella moellendorfﬁi FE481984 Whole juvenile plants with roots and reproductive stems
with developing strobili
FE473199 Whole juvenile plants with roots and reproductive stems
with developing strobili
FE448634 Whole juvenile plants with roots and reproductive stems
with developing strobili
FE445350 Whole juvenile plants with roots and reproductive stems
with developing strobili
Adiantum capillus-veneris BP920392 Prothallium
BP913903 Prothallium
Picea glauca EX422689 Stem-active growth
Picea sitchensis DR527234 Hermaphrodite
DR509118 Green portion of the leader tissue from one year old
clonal trees grown under greenhouse conditions in
standard potting soil mixture
EF083420 Green portion of the leader tissue from 1-year-old
clonal trees grown under greenhouse conditions in
standard potting soil mixture
Pinus taeda DR052584 Roots minus calcium
DR684521 Suspension culture somatic embryos (Stages 1–3)
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presence of PTOX in the other cyanophages is a recent discovery [67].
The fact that PTOX genes are present in cyanophages indicates that
these viruses may be acting as vectors for the movement of PTOX
between cyanobacteria.
PTOX genes in the cyanobacteria Anabaena variabilis PCC 7120,
Gloeobacter violaceus PCC 7421, Prochlorococcus marinus MED4, and
Synechococcus sp. WH 8102 were identiﬁed in the early 2000's [68–70]
and PTOX sequences were also recovered from several Prochlorococcus
and Synechococcus scaffolds present in the Sargasso Sea metagenomic
data [71]. The latter data are consistent with the report of Grossman
et al. [66] indicating the presence of PTOX in cyanobacteria of
oligotrophic oceans. Bioinformatics tools have revealed so far that
PTOX is present in a total of 15 cyanobacterial strains and that these
organisms are found in marine, terrestrial, and freshwater environ-
ments (Table 2). The marine cyanobacterium Acaryochloris marina is
unique in that it possesses two PTOXgenes,while all other cyanobacteria
for which data are available only encode 1 PTOX gene (Table 2).
Amultiple sequence alignment of PTOX proteins from cyanophages,
cyanobacteria, and the higher plant A. thaliana indicates that the PTOXs
of the cyanophages share characteristics of the PTOXs from Prochlor-
ococcus strains as opposed to Synechococcus isolates (Fig. 3). This
supports a recent phylogenetic analysis of PTOX proteins from
cyanophages and Prochlorococcus and Synechococcus strains which
indicates that these proteins likely share a common ancestor, but that
the PTOX genes of the cyanophages have likely been acquired from
Prochlorococcus isolates multiple times as opposed to from
Synechococcus strains [67].
This analysis also reveals that the A. thaliana PTOX shares the
highest sequence similarity with the cyanobacterial PTOX clade
composed of sequences from A. variabilis, G. violaceus, and A. marina
(Fig. 3). This includes a speciﬁc insertion event between the 3rd and
4th iron-binding sites that interestingly corresponds precisely to exon
8 of the A. thaliana IM gene [72]. An insertion is also present at this site
in Synechococcus, although the sequence of this insertion is not
conserved with the higher plant sequence, while the PTOX proteins
from Prochlorococcus lack an insertion at this site (Fig. 3). Thealignment indicates that all of these PTOX proteins have the capability
to be functional, as all of the iron binding sites that are responsible for
activity are present [72] (Fig. 3). The alignment also demonstrates that
the PTOX protein of A. thaliana is much longer than those of
prokaryotes (Fig. 3). This is due to the fact that most of this N-
terminal region serves as a signal peptide for the targeting of this
PTOX to the plastid thylakoid membrane [45].
The presence of the PTOX gene and the presence of PTOX transcript
has been conﬁrmed in the cyanobacteria A. variabilis PCC7120 [68]. No
other studies have been conducted in cyanobacteria that speciﬁcally
examine the presence of PTOX, its transcriptional expression, or
regulation at the protein level. To date, cyanobacteria are the only
prokaryotes for which evidence of PTOX exists [50]. Due to the fact
that respiratory and photosynthetic ETCs in the membranes of
cyanobacteria may share components [64,73] PTOX may play an
important role(s) in the regulation of electron ﬂux through respira-
tory as well as photosynthetic electron transport [66].
It has beenproposed that PTOX entered theeukaryotic lineagevia the
primary endosymbiotic event that led to formation of the chloroplast
[68–70]. PTOX genes have been found in all lineages that contain
primary plastids (i.e. green lineage, red lineage, glaucocystophytes) in
addition to many organisms that contain plastids gained through
secondary and tertiary endosymbiotic events [50] (Fig. 4; Table 2).
However, the taxonomic distribution of PTOX in prokaryotes and
eukaryotes and its evolutionary history indicates that unlike some
other quinol oxidases PTOX is only present in organisms that exhibit
oxygenic photosynthesis (Fig. 4).
4. Biochemical characteristics of PTOX
4.1. Subcellular localization
Targeting algorithms predict that PTOX contains an N-terminal
chloroplast targeting sequence, and its chloroplast localization was
conﬁrmed by in organello import assays in Arabidopsis, which showed
that a precursor form of PTOX (~45 kDa) is imported into isolated
chloroplasts and processed there to a mature form (~37 kDa) [44,45].
Fig. 3. Amultiple sequence alignment of PTOX proteins from cyanophages, cyanobacteria, and a higher plant. The amino acids required for iron binding are indicated by black arrows
and a PTOX insert seen only in some PTOX proteins is shown.
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[74], and it is located mostly in stroma lamellae, although small
amounts are also found in grana [75,76]. The original model for
chlororespiration proposed by Bennoun [6] in 1982 localized a
terminal oxidase (later found to be PTOX) to the lumenal side of the
thylakoid membrane. However, the present model of chlororespira-
tion has PTOX on the stromal side of the membrane [7,77]. It has
therefore been suggested that chlororespiration is nonelectrogenic
and that PTOX can produce proton gradient only if coupled with NDH
complex [53].
4.2. Biochemical reaction
PTOX can utilize plastoquinol, but not ubiquinol as a substrate [78].
In the process of electron transfer from PSII to PTOX, the end product
of the oxygen reduction step is water based on the stoichiometry of
oxygen exchange (i.e. O2 evolution: O2 consumed is 1:1) [53] based on
oxygen generation and oxygen consumption measured by 18O2 and
mass spectrometry [75]. In these experiments, the PSII driven electron
ﬂow was detected in the absence of mitochondria, indicating that the
hypothesis of shuttling of reducing equivalents to the mitochondrion
and subsequent consumption of oxygen via mitochondrial respiration
was not occurring [53]. From these results, it was suggested that
electrons from the stroma are donated to the PQ pool and then to O2
via PTOX [53].
It has been suggested that a peroxidase that consumes hydrogen
peroxide might be involved in chlororespiration [79]. Alternatively, it
has been hypothesized that non-enzymatic PQH2 oxidation couldoccur and generate H2O2 through direct interactions of semiquinones
with oxygen [80,81]. The overexpression ofA. thaliana PTOX in tobacco
led to an increase in ROS generation under high light conditions and
the authors argue that an appropriate amount of SODmust be present
to mop up ROS produced by PTOX, or that photoinhibition will result
[81]. However, oxygen uptake attributed to PTOX has previously been
demonstrated to be insensitive to ROS scavengers [53]. In addition,
water splitting by PSII generates four electrons per oxygen evolved,
but production of superoxide would use one electron per oxygen
consumed, while production of H2O2 would require two electrons per
oxygenmolecule consumed [53]. Therefore, the evidence [53,75] for a
1:1 ratio of O2 produced by PSII per O2 consumed by PTOX is
inconsistent with stoiochiometrically high levels of ROS production.
This indicates that the enzyme involved is an oxidase and not a
peroxidase or the result of a process due to plastoquinol autoxidation
[53]. A similar hypothesis about the product of alternative oxidase
(AOX) being H2O2was recently put forward [82]. Similar arguments to
those above indicate that the real product of the AOX enzyme is water
[83]. Therefore the thylakoid localization of PTOX makes sense given
that it must have access to its substrate PQH2 and must also be able to
interact with oxygen and release the water product. However, based
on published literature, the precise orientation of PTOX within
thylakoid membranes remains equivocal.
4.3. Site-directed mutagenesis of conserved amino acids
PTOX and AOX are members of the non-heme diiron carboxylate
(DOX) protein family, and structural models of these proteins have
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[74,84]. The presence of iron atoms in the catalytic core of AOX has
been conﬁrmed by electron paramagnetic resonance spectroscopy
[85,86]. PTOX and AOX have been modeled as interfacial membrane
proteins with an active site (DOX) domain exposed to the stroma or
matrix. The DOX domain is composed of a four-helix bundle that
provides six ligands for binding the diiron center (four glutamate and
two histidine residues): E136, E175, H178, E227, E296 and H299
(Arabidopsis IM sequence numbering) (Fig. 3). These amino acids are
conserved in all AOX and PTOX proteins examined to date. Using site-
directedmutagenesis in vitro and in planta, Fu et al. [72] demonstrated
that the six iron ligands of PTOX are essential for activity and that they
do not tolerate change. These experiments were facilitated by an in
vitro PTOX activity assay [53,78] and by the availability of null alleles
of immutans; these alleles revert to an all-green phenotype when
transformed by wild type IM sequences. The mutagenesis experi-
ments also showed that a 16 amino acid domain of PTOX
corresponding to Exon 8 of the Arabidopsis IM genomic sequence
(the Exon 8 Domain) is important for function, folding and/or
stability. This domain is found in several PTOX sequences (Fig. 3),
but is lacking in AOX.
Recent mutagenesis experiments have examined the functional
importance of 14 other sites that are highly conserved among AOX
and PTOX proteins [87]. Five additional amino acid residues were
identiﬁed in these studies that are essential for in vitro PTOX activity(L135, H151, Y212, Y234 and D295); two of these (Y234 and D295)
are also essential for activity in planta. In AOX, it has been proposed
that these ﬁve amino acids are essential for catalysis, protein stability
and/or substrate binding. For instance, the ﬁnding that Y212 in PTOX
is important for in vitro activity is consistent with the hypothesis that
it, like the analogous residue in AOX (Y253), is involved in substrate
(quinol) binding. However, there is only limited sequence conserva-
tion between the proposed quinol binding site of AOX [86] and the
analogous region of PTOX. This might not be surprising since AOX and
PTOX use ubiquinol and plastoquinol, respectively.
5. Physiological functions of PTOX
5.1. Photoprotection
5.1.1. Terrestrial plants
Chlororespiration has been suggested as an effective electron
safety valve preventing over-reduction of the PQ pool and protecting
PSII reaction centers from photo-damage under excessive light
conditions [17,88]. Considering the low abundance of PTOX in
photosynthetic membranes [76] and the limited contribution of
PTOX-mediated chlororespiratory electron ﬂux to the total electron
ﬂow in chloroplast under optimal growth conditions, its photopro-
tective role as an alternative electron sink has been questioned [39].
Indeed, neither the complete elimination of IMMUTANS through a
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had any signiﬁcant effect on the reduction of P700+ through
intersystem electron transport or the sensitivity of PSII to photo-
inhibition in plants grown under optimal growth conditions [61].
However, PTOX has been reported to effectively transfer excess
electrons to oxygen, playing an important role in photoprotection of
PSII, in the high alpine plant species Ranunculus glacialis when
acclimated to low temperature [89]. It has been suggested that PTOX
may regulate the NDH-dependent cyclic pathway under severe stress
conditions, thus limiting electron pressure on the PSI acceptor-side
and preventing PSI from photoinhibition [80] (Fig. 5A). Furthermore,
Stepien and Johnson [90] estimated that PTOX acts as an alternative
electron sink accounting for up to 30% of the total PSII electron ﬂow in
the salt-stressed halophyte Thellungiella. More recently, similar
results were reported for cold acclimated Lodgepole pine [91] andFig. 5. (A) Acclimation to environmental stress conditions results in lower demand for elec
reported under various stresses suggests that the excess electrons could be utilized through u
dependent electron sink can accept electrons directly from PSII, from the NDH-dependent PSI
reduction. Involvement of PTOX-dependent electron pathway would minimize the over-red
ROS by other O2-dependent electron sinks at the acceptor side of PSI. The employment o
photodamage of both, PSII and PSI and may play a critical role in balancing/regulating the li
limitation in aquatic autothrophs the most Fe-abundant chlorophyll-protein complex of PSI
between PSII and PSI is highly restricted and PSI functions mostly in a cyclic mode. Upregul
from PSI, thus resulting in lower NADPH production and CO2 ﬁxation rates, while maintaincold stressed Arabidopsis plants. These effects were accompanied by a
signiﬁcant increase in the relative abundance of PTOX/IMMUTANS
protein in R. glacialis [89], Thellungiella [90], and cold acclimated pine
species [89]. Up-regulation of PTOX has also been hypothesized to
play a signiﬁcant protective role against heat and high light stresses in
various plant [92–95] and algal species [96,97]. Eliminating the two
major electron sinks (photosynthesis and photorespiration) in the
tobacco rbcL deletion mutant resulted in elevated relative abundance
of PTOX and an enhanced PTOX-dependent electron ﬂow to O2 [98]
(Fig. 5A).
It is now believed that many of the principle components of the
PET chain are present in the prolammelar bodies of the etioplast and
that the exposure to light leads to the targeting of the remaining
components and the quick transformation to a chloroplast and a fully
functioning PET chain. PTOX may play a role during photosynthetictrons required for carbon ﬁxing reactions. Up-regulation of PTOX/IMMUTANS protein
p-regulation of PTOX-dependent electron donation to oxygen. This alternative oxygen-
cyclic electron ﬂow and can directly oxidize the PQ pool thus partially avoiding its over-
uction of QA, partially restore the linear electron ﬂow and minimize the generation of
f this alternative electron pathway as a safety valve would lower the possibility for
near photosynthetic electron ﬂow under various stresses. (B) Under conditions of iron-
is strongly downregulated. Under these conditions the linear intersystem electron ﬂow
ation of PTOX and a PTOX-dependent reduction of oxygen may divert excess electrons
ing ATP production via the up-regulated PSI-cyclic electron ﬂow.
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reduction cycle are not yet activated by thioredoxins and a transient
over-reduction of the PQ pool could occur [75] (Fig. 5A). It has been
suggested that the oxidase would likely be highly active during the
induction of photosynthesis or during conditions leading to PSI
inactivity [53] (Fig. 5A). In support of this idea, in low light exposed
tobacco leaves where transfer of electrons to PSI is blocked by DBMIB,
35% of the maximal electron ﬂow to PSI can be redirected to PTOX and
oxygen [75]. This transient over-reduction is decreased in At-PTOX
overexpressing tobacco plants indicating that PTOX could prevent the
over-reduction of PQ in the light [75]. A ΔpsbA mutant of tobacco
which lacks the D1 protein of PSII and therefore can not make PSII
complexes showed a marked increase in the amount NdhH, NdhI, and
PTOX in the thylakoid membrane [99].
5.1.2. Aquatic cyanobacteria and algae
Cyanophage genomes are thought to contain a set of core genes
that are required for viral replication and host infection and a set of
accessory genes that are needed to exploit particular hosts and
survive in particular marine environments [67]. Recent studies have
demonstrated that cyanomyovirus genomes often contain photosyn-
thetic genes and that these are translated into proteins during host
infection [100,101]. For example, the cyanophage Syn9 contains
several genes that may participate in photosynthesis that encode for
plastocyanin (petE), PTOX, PsbA, PsbD, and two highlight inducible
proteins [102]. It has been hypothesized that the presence of the
above genes in some cyanophages may serve a photoprotective
function in order to ensure efﬁcient phage propagation [101,102].
Indeed, modelling has recently shown that expression of the phage
encoded PsbA gene confers an advantage to phage genome replication
under high light conditions [103]. It has also been hypothesized that
the presence of these genes is required to provide energy production
in an ocean environment that is low in nutrients [67]. It is possible
that the presence of PTOX in these phage genomes is fulﬁlling a similar
role during infection of the cyanobacterial host. An interesting fact to
ponder is that a cyanophage containing PTOXmight infect a host that
does not code for PTOX in its genome and thus the virusmay be able to
exert a large inﬂuence on the photosynthetic electron ﬂow of its host
[67]. If PTOX electron ﬂow was coupled to the NDH complex and
generated a proton gradient in the host, the expression of viral PTOX
would allow the virus to divert PSII electron ﬂow in order to generate
a proton gradient for ATP generation, without generation of
unnecessary NADPH. Viral assembly requires ATP for polymerization
but little net reductant.
With regards to marine cyanobacteria, an interesting observation
is that all high light adapted ecotypes of Prochlorococcus investigated
to date for which genome data are available have a PTOX gene
(Table 3). In contrast, while low light adapted ecotypes from the
North Atlantic contain PTOX, those from other locations that
experience more moderate temperatures do not (Table 3). The
potential presence of PTOX enzyme has been shown in the marineTable 3
Presence or absence of PTOX in various isolates of Prochlorococcus marinus. This table
was generated using data in [112–114].
Strain PTOX gene present Location Ecotype
AS9601 Yes Arabian Sea HL
ASNC729 Yes Eq. Paciﬁc HL
MED4 Yes Mediterrean Sea HL
MIT9215 Yes Eq. Paciﬁc HL
MIT9301 Yes Sargasso Sea HL
MIT9312 Yes Gulf stream HL
MIT9211 No Eq. Paciﬁc LL
MIT9313 No Gulf stream LL
NATL1A Yes North Atlantic LL
NATL2A Yes North Atlantic LL
SS120 No Sargasso Sea LLcyanobacterium Synechococcus WH8102 and is hypothesized to keep
PSII oxidized during ﬂuctuating light conditions in the open-ocean
when PSI activity might be limited by low iron concentrations [104]
(Fig. 5B). These authors hypothesize that using PTOX which uses two
iron atoms, as opposed to the Cytb6f complex and PSI which use a total
of eighteen iron atoms may help to conserve iron under limiting
conditions [104] (Fig. 5B). In two diatoms, Phaeodactylum tricornutum
and Thalassiosira pseudonana, evidence from ESTs indicate that PTOX
is transcribed under conditions of iron limitation (Table 1).
An analysis of the promoter regions of two PTOX genes present in the
green algae Haematococcus pluvialis indicated that PTOX transcripts
might be induced in response to changes in light regime, hormones,
anoxia, drought, low-temperature, and under circadian control [97]. In a
deep/low-light adaptedOstreococcus strain (RCC809), the PSI content is
greatly reduced compared to the high-light adapted strain (OTH95) and
a large number (~50%) of the electrons generated by PSII are used to
reduce oxygen via PTOX [105] (Fig. 5B). The authors propose an H2O to
H2O cycle involving PSII, PQ, and PTOX as a means of generating a ΔpH
across the thylakoid membrane [105].
5.2. Chloroplast biogenesis
The absence of PTOX has a critical impact on chloroplast biogenesis
and renders the photosynthetic apparatus more sensitive to high light
via a disturbance of PQ redox status [106]. Using a novel imaging
technique to quantify the extent and kinetics of leaf variegation, Rosso
et al. [27] concluded that photosynthetic redox imbalance governs the
extent of variegation in im. In fact, measurements of the greening of
etiolated wild-type and immutans cotyledons have indicated that the
absence of PTOX increases excitation pressure twofold during the ﬁrst
6 to 12 h of greening [27]. Interestingly, an enhanced excitation
pressure has also been found to govern the extent of variegation in the
spotty, var1 and var2mutants [27]. It is therefore likely that excitation
pressure is one of the key regulators of chloroplast biogenesis.
As mentioned earlier, a working hypothesis is that chloroplast
biogenesis requires sub-threshold excitation pressures. It is hypoth-
esized that when ROS formation occurs above the threshold in the
absence of coloured (photoprotective) carotenoid production, the
contents of the developing plastid become photooxidized. It is
surmised that one of the primary targets of overreduction is thylakoid
membrane biogenesis, either directly or indirectly, since marked
differences in the white plastids versus chloroplasts or etioplasts have
been documented at the molecular, biochemical and ultrastructural
levels [27,58]. For example, the generation of ROS could lead to lipid
peroxidation of polyunsaturated fatty acids. The lack of galactolipids
in plastids, coupled with the lack of stabilization of the lipid phase of
thylakoid membranes by certain carotenoids, could lead to the
breakdown of thylakoid membranes, oxidative damage, and a
decrease of photosystem function. This hypothesis could serve to
explain both the pigment defects exhibited by PTOX mutants and the
ultrastructural abnormalities seen in their plastids.
5.3. Carotenoid biosynthesis
The strikingphenotypeof plants that contain the immutansmutation
led to the discovery that these plants accumulate large amounts of the
intermediate carotenoid, phytoene [44,45]. The enzyme that uses
phytoene as a substrate, phytoene desaturase, requires several co-
factors in order to function: quinones, molecular oxygen, and a “redox
mediator acting between the desaturase and oxygen” [62]. It has been
proposed that phytoene desaturase passes electrons to the PQ pool and
that PTOX is responsible for oxidizing PQH2 andmaking PQ available for
reduction so that this process can continue.
Due to its position in metabolism, PDS activity could serve to
regulate both the carotenoid and chlorophyll biosynthetic pathways.
If PDS is impaired, it has been demonstrated that it produces a
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build up of phytoene. This is turn may serve to generate negative
feedback on the ﬁrst committed step of the carotenoid biosynthesis
pathway, perhaps forcing metabolites into pathways that produce
chlorophylls, phylloquinones, and tocopherols. A measurement of the
reduction state of the PQ pool coupled with an analysis of ﬂux to
carotenoid and chlorophyll biosynthetic pathways is necessary to test
this hypothesis.
Carotenoids are important components for proper thylakoid
membrane assembly. It is quite possible that membrane character-
istics are disrupted due to a lack of particular carotenoids or an
imbalance of the ratio of certain carotenoids in the cell. This no doubt
will affect not only the physical characteristics of plastid membranes,
but will also have an impact on enzymes that rely on carotenoids for
proper functioning. It has been reported that carotenoids act as
stabilizers of the lipid phase in thylakoid membranes and that the
inhibition of PDS decreases the number of long chain carotenoids
which alters the membrane structure and impairs the stability of
pigment proteins and lipids [107,108].
5.4. Controlling oxygen tension and concentration
Oxygenic photosynthesis presents plants with challenges due to
the production of oxygen by the water splitting reaction of PSII and
the harmful reactions that oxygen can participate in if the redox state
of this environment is not tightly controlled. In addition, oxygen can
interfere with the functioning and efﬁciency of enzymes such as
Rubisco and nitrogenase which play vital roles in carbon and nitrogen
ﬁxation respectively. Plants can deal with this challenge in one of two
ways: oxygen generation by photosynthesis can be separated
temporally or spacially from these enzymes (e.g. using specialized
structures such as heterocysts or nodules, or performing nitrogen
ﬁxation in the dark) or the plant can use oxygen scavenging enzymes
to lower oxygen levels (e.g. terminal oxidases). Recent work in the
anaerobic phototrophic bacterium Rubrivivax gelatinosus has demon-
strated that terminal oxidases are vitally important in the control of
oxygen tension in order to achieve the anaerobic conditions required
for this organism to photosynthesize [65]. In an ancient world where
oxygen would have initially been quite toxic, the ability to scavenge
and remove oxygen would have likely been a strong selective
pressure in evolution. The wide variety and number of terminal
oxidases seen in eubacteria (Table 1) is likely a reﬂection of these past
circumstances.
There may still be circumstances in oxygenic photosynthesizing
organisms where terminal oxidases play an important role as oxygen
scavengers. In C4 plants, carbon ﬁxation is partitioned between two
different cell types; mesophyll and bundle sheath, both of which
appear to contain different metabolic pathways [109]. It is worth
noting that the subunits of the NDH complex are more abundant in
bundle sheath chloroplasts [109,110]. While photosynthetic electron
transport appears to be linear in mesophyll chloroplasts, bundle
sheath thylakoid membranes have little PSII, lots of PSI, and appear to
use cyclic electron transport [109]. The oxygen evolving subunits of
PSII show a greater reduction in number compared to other PSII
subunits [109]. It has been proposed that this arrangement might
allow NDH and PTOX to regulate cyclic electron ﬂow around PSI [75].
In addition, a side effect of PTOXwould be the reduction of O2 to water
and a lowering of the O2 levels in bundle sheath cells. In C4 plants,
Rubisco is present in the bundle sheath cells, so the functioning of
PTOX in these chloroplasts might have the added beneﬁt in reducing
the oxygenation reaction of Rubisco, thereby increasing photosyn-
thetic efﬁciency. It has also been suggested that the NDH complex in
the bundle sheath cells may serve to act as a carbon concentrating
mechanism [109]. Evidence indicates that terminal oxidases are also
required for efﬁcient nitrogen ﬁxation in the heterocysts of cyano-
bacteria such as A. variabilis PCC 7120 [111].6. Summary and future directions
The most dramatic and unequivocal advances in the past decade
regarding the structure and function of PTOX have been accomplished
by combining genetic approaches used to elucidate the control of
variegation in A. thaliana with molecular biology and bioinformatics
approaches to provide insights into the probable structure and
enzyme activity of PTOX. The nuclear gene encoding PTOX was
discovered in 1999 [44,45] in A. thaliana and we now know that it
contains a chloroplast targeting sequence and is localized to the
thylakoid membranes. Based on gene sequence analyses and
comparison with the AOX of mitochondria, PTOX contains a di-iron
centrewith 6 ligands (4 glutamates and 2 histidines) that are essential
for activity and which are conserved in all known AOX and PTOX
proteins. The largest gap in this ﬁeld is the lack of detailed biochemical
data on the structure and function of PTOX. The challenge remains to
isolate and purify the enzyme to homogeneity in quantities sufﬁcient
for the detailed analyzes of its enzyme kinetics, post-translational
regulation and ultimately its crystal structure. This should lead to the
development of speciﬁc in vitro and in vivo assays for PTOX activity
which are presently lacking. Currently, most models assume that
PTOX is an oxidase which interacts with the PQ pool independently of
other thylakoid components, however it is quite possible that PTOX
may be a subunit of some larger thylakoid protein complex and that
this relationshipmay be dynamic and dependent upon environmental
conditions. A more detailed analysis of its precise localization and
orientation relative to the thylakoid PQ pool is essential and
experimental data in these areas may resolve some of the discre-
pancies currently present in the literature.
PTOX levels can ﬂuctuate dramatically in response to changes to
various abiotic stresses. However, there is a paucity of information
regarding the transcriptional, post-transcriptional as well as transla-
tional and post-translational regulation of PTOX. PTOX has been
hypothesized to play a role in the regulation of carotenoid
biosynthesis, the chlororespiratory pathway [6] and the protection
of the photosynthetic apparatus from excess irradiance. Meta-
analyses indicate that PTOX/IM expression was not strongly regulated
by abiotic stress in contrast to the expression of its mitochondrial
analogue, AOX [61]. However, PTOX/IM expression was strongly
regulated by plant development. Functionally, recent genetic and
physiological data in im plants indicate that PTOX is a critically
important chloroplast protein the presence of which ensures normal,
light-dependent thylakoid biogenesis.
Since 1999, the plant stress literature has been replete with
suggestions that the diversion of electron ﬂow from linear electron
transport to alternative pathways such as the reduction of O2 to H2O
by PTOX acts to keep the PQ pool oxidized and consequently protect
PSII from excess light. That is, that high excitation pressure caused by
exposure environmental stress can be modulated by PTOX. These
suggestions are largely based on correlations between observed
changes in PTOX protein levels determined by immunoblotting and
measurements of O2 consumption in the presence or absence of
various pharmacological inhibitors.
Under steady-state photosynthesis in mature plant leaves, there is
no consensus in the literature with respect to whether observed
increases in PTOX protein and hence enhanced PTOX activity actually
keep the PQ pool more oxidized under environmental stress
conditions. Recently, it was reported that under steady-state
photosynthesis PTOX could not compete with P700+ as an electron
acceptor in mature leaves of the A. thaliana by comparing WT with
either im which totally lacks PTOX or overexpressing lines of IM [61].
However, in other organisms and during some environmental
conditions, PTOX may fulﬁll this role.
Populations of oligotrophic marine picophytoplankton appear to
be able to keep PSII reaction centers open under light saturated
conditions with minimal changes in CO2 assimilation [66] (Fig. 5B).
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photosynthetic electron ﬂow. This uncoupling was O2 dependent and
sensitive to propylgallate, a speciﬁc inhibitor of PTOX activity. Thus, in
this example, PTOX activity does decrease excitation pressure as
measured by an increased capacity to keep PSII traps open. It is
interesting to note that this was observed in marine Synechococcus
and Ostrecoccus which exhibit low ratios of PSI to PSII [66].
Additionally, it has been shown that the presence of PTOX/IM is
critical for normal chloroplast development during the ﬁrst 6 h of
chloroplast biogenesis during greening of etiolated cotyledons of
Arabidopsis [27]. The presence of IM minimized the reduction state of
the PQ pool during the ﬁrst 6–12 h of the conversion of etioplasts to
mature, functional chloroplasts. However, after 12 h of chloroplast
biogenesis, the requirement for IM becomes minimal such that after
24 h of greening, there were minimal differences in the reduction
state of the PQ pool between im and WT plants [27]. It was concluded
that, in Arabidopsis, PTOX does act as a terminal oxidase to protect
PSII and the photosynthetic apparatus speciﬁcally during the early
stages of chloroplast biogenesis prior to the development of full
photosynthetic competence (Fig. 5).
To reconcile these data, we suggest that PTOX can act as an
alternative pathway for the ﬂow of photosynthetically-generated
electrons under conditions where PSI activity is down regulated due
to the over-reduction of the stroma i.e. under conditions where PSI is
limited on its acceptor-side. This will be reﬂected in a low NADP+/
NADPH ratio in the stroma and an increase in the reduction state of
the PQ pool which can be created by myriad stress conditions due to a
decrease in the rates of CO2 assimilation. Alternatively, stress
conditions may also result in signiﬁcant decreases in the ratio of PSI
to PSII which will tend to increase the reduction state of the PQ pool
and result in the accumulation of closed PSII traps. The induction of
PTOX as an alternative, O2-dependent pathway for photosynthetic
electron ﬂow would mitigate this effect. An additional role for PTOX
that is worth examining is its putative ability to keep the PQ pool
oxidized during photosynthetic induction during the time that the
thioredoxin dependent enzymes of the Calvin cycle need to become
fully functional as the major electron sink of the PET (Fig. 5).
The recent, elegantwork of Okegawa et al. [8] compared analyses of
WT Arabidopsis plants with im plants as well as the double (im crr2-2)
and the triple mutant (im crr2 pgr5). The crr2-2 mutant lacks NDH
activity (Fig. 5A) while the pgr5 mutant is deﬁcient in PGR5. The
former is required for NDH-dependent PSI cyclic electron transport
whereas PGR5 is required NDH-independent PSI cyclic electron
transport. As indicated in Fig. 5, PTOX, the chloroplast NDH complex
as well as PGR5 intersect at the level of the thylakoid PQ pool. The goal
of Okegawa et al. [8] was to determine the role(s) of PTOX, NDH and
PGR5 in the regulation of the redox state of the PQ pool through the
assessment of the level of variegation in im plants versus the double
and triple mutants. They conclude that PTOX cannot serve as a safety
valve in photoprotection of PSII which consistent with the results of
Rosso et al. [61] and Heyno et al. [81]. However, Okegawa et al. [8] and
Rosso et al. [27] conclude that PTOX is important in chloroplast
biogenesis.
The work of Okegawa et al. [8] illustrates two important points:
ﬁrst, the regulation of the redox status of the PQ pool must be
extremely dynamic due to the complex network of possible
alternative pathways for electron ﬂow into and out of the PQ pool
(Fig. 5). Second, that, although a genetic approach is extremely
powerful, it, by itself, still does not provide unequivocal data with
respect to the function of PTOX in the regulation of the redox state of
the PQ pool. Thus, this lends further support to our contention that a
major challenge for the future will be to enhance our biochemical
understanding of the structure and regulation of PTOX and integrate
this with genetic and physiological data in order to reconcile disparate
conclusions regarding the physiological role of PTOX. The bioinfor-
matics meta-data presented here indicate that eukaryotes exhibit asurprisingly narrow range of options within their genomes with
respect to possible PQ oxidases (Table 1). It appears that PTOX is the
only candidate gene. Furthermore, it is interesting to note that PTOX is
present only in organisms capable of oxygenic photosynthesis.
It has been suggested that the chloroplast has a dual role. First, the
chloroplast functions as the primary energy transformer in all
photoautotrophs converting light into useable chemical energy.
Second, it functions as a sensor of short and long-term changes in
irradiance, temperature and nutrient availability which modulate the
redox status of the PET chain. Changes in the redox state of the PET
chain, in turn, govern the restructuring of the photosynthetic
apparatus through the regulation of retrograde and chloroplastic
gene expression to ensure the maintenance of cellular redox balance.
PTOX likely plays a key role in the above processes.
Role of the funding source
This work was supported by funding to S.R. from the US Dept of
Energy, Energy Biosciences (DE-FG02-94ER20147). Funding support
to D.P.M. was provided by NSERC. Funding support to N.P.H. was
provided by NSERC, the Canada Research Chairs program, and the
Canadian Foundation for Innovation. A.E.M. was supported by a
NSERC Post-doctoral fellowship.
References
[1] R.E. Blankenship, Molecular Mechanisms of Photosynthesis, Blackwell Science,
Oxford, UK, 2002.
[2] P.G. Falkowski, Y. Fujita, A. Ley, D. Mauzerall, Evidence for cyclic electron ﬂow
around photosystem II in Chlorella pyrenoidosa, Plant Physiol. 81 (1986)
310–312.
[3] J. Barber, J. De Las Rivas, A functional model for the role of cytochrome-b559 in the
protection against donor and acceptor side photoinhibition, Proc. Natl Acad. Sci.
USA 90 (1993) 10942–10946.
[4] T. Shikanai, Cyclic electron transport around photosystem I: genetic approaches,
Ann. Rev. Plant. Biol. 58 (2007) 199–217.
[5] M. Iwai, K. Takizawa, R. Tokutsu, A. Okamuro, Y. Takahashi, J. Minagawa, Isolation
of the elusive supercomplex that drives cyclic electron ﬂow in photosynthesis,
Nature 464 (2010) 1210–1213.
[6] P. Bennoun, Evidence for a respiratory chain in the chloroplast, Proc. Natl Acad.
Sci. USA 79 (1982) 4352–4356.
[7] G. Peltier, L. Cournac, Chlororespiration, Annu. Rev. Plant Biol. 53 (2002)
523–550.
[8] Y. Okegawa, Y. Kobayashi, T. Shikanai, Physiological links among alternative
electron transport pathways that reduce and oxidize plastoquinone in
Arabidopsis, Plant J. 63 (2010) 458–468.
[9] T.G. Owens, Processing of excitation energy by antenna pigments, Advances in
Photosynthesis. Photosynthesis and the Environment, Vol. 5, Kluwer Academic
Publishers, Dordrecht, 1996.
[10] A.R. Grossman, M.R. Schaefer, C.G. Chiang, J.L. Collier, The responses of
cyanobacteria to environmental conditions: light and nutrients, in: D.A. Bryant
(Ed.), Advances in Photosynthesis. The Molecular Biology of Cyanobacteria,
Kluwer Academic, Dordrecht, 1994, pp. 641–675.
[11] C.H. Foyer, G. Noctor, Photosynthetic nitrogen assimilation: inter-pathway
control and signalling, in: C.H. Foyer, G. Noctor (Eds.), Advances in Photosyn-
thesis and Respiration. Photosynthetic Nitrogen Assimilation and Associated
Carbon Respiratory Metabolism, Kluwer Academic Publishers, Dordrecht, 2002,
pp. 1–22.
[12] N.P.A. Hüner, G. Öquist, F. Sarhan, Energy balance and acclimation to light and
cold, TIPS. 3 (1998) 224–230.
[13] I. Ensminger, F. Busch, N.P.A. Hüner, Photostasis and cold acclimation: sensing
low temperature through photosynthesis, Physiol. Plant. 126 (2006) 28–44.
[14] K.E. Wilson, A.G. Ivanov, G. Öquist, B. Grodzinski, F. Sarhan, N.P.A. Hüner, Energy
balance, organellar redox status and acclimation to environmental stress, Can. J.
Bot. 84 (2006) 1355–1370.
[15] P.G. Falkowski, Y.B. Chen, Photoacclimation of light harvesting systems in
eukaryotic algae, in: B.R. Green,W.W. Parson (Eds.), Light harvesting antennas in
photosynthesis, Kluwer Academic Publishers, Dordrecht, 2003, pp. 423–447.
[16] B. Demmig-Adams, W.W. Adams, Photoprotection and other responses of plants
to high light stress, Ann. Rev. Plant Biol. 43 (1992) 599–626.
[17] K.K. Niyogi, Safety valves for photosynthesis, Curr. Opin. Plant Biol. 3 (2000)
455–460.
[18] D.R. Ort, When there is too much light, Plant Physiol. 125 (2001) 29–32.
[19] J.-D. Rochaix, Genetics of the biogenesis and dynamics of the photosynthetic
machinery in eukaryotes, Plant Cell 16 (2004) 1650–1660.
[20] J. Kargul, J. Barber, Photosynthetic acclimation: Structural reorganisation of light
harvesting antenna and the role of redox-dependent phosphorylation of major
and minor chlorophyll a/b binding proteins, FEBS J. 275 (2008) 1056–1068.
966 A.E. McDonald et al. / Biochimica et Biophysica Acta 1807 (2011) 954–967[21] T. Pfannschmidt, Chloroplast redox signals: how photosynthesis controls its own
genes, Trends Plant Sci. 8 (2003) 33–41.
[22] K. Bräutigam, L. Dietzel, T. Kleine, E. Strőher, D.Wormuth, K.-J. Dietz, D. Radke, M.
Wirtz, R. Hell, P. Dőrmann, A. Nunes-Nesi, N. Schauer, A.R. Fernie, S.N. Oliver, P.
Geigenberger, D. Leister, T. Pfannschmidt, Dynamic plastid redox signals
integrate gene expression and metabolism to induce distinct metabolic states
in photosynthetic acclimation in Arabidopsis, Plant Cell 21 (2009) 2715–2732.
[23] A.P. Fernadez, A. Strand, Retrograde signaling and plant stress: plastid signals
initiate cellular stress responses, Curr. Opin. Plant Biol. 11 (2008) 509–513.
[24] J.M. Escoubas, M. Lomas, J. LaRoche, P.G. Falkowski, Light intensity regulation of
cab gene transcription is signaled by the redox state of the plastoquinone pool,
Proc. Natl Acad. Sci. USA 92 (1995) 10237–10241.
[25] D.P. Maxwell, D.E. Laudenbach, N. Hüner, Redox regulation of light-harvesting
complex II and cab mRNA abundance in Dunaliella salina, Plant Physiol. 109
(1995) 787–795.
[26] G.R. Gray, L.-P. Chauvin, F. Sarhan, N.P.A. Hüner, Cold acclimation and freezing
tolerance. A complex interaction of light and temperature, Plant Physiol. 114
(1997) 467–474.
[27] D. Rosso, R. Bode, W. Li, M. Krol, D. Saccon, S. Wang, L.A. Schillaci, S.R. Rodermel,
D.P. Maxwell, N.P.A. Hüner, Photosynthetic redox imbalance governs leaf
sectoring in the Arabidopsis thaliana variegation mutants immutans, spotty,
var1, and var2, Plant Cell 21 (2009) 3473–3492.
[28] A. Strand, T. Asami, J. Alonso, J.R. Ecker, J. Chory, Chloroplast to nucleus
communication triggered by accumulation of Mg-protoporphyrinIX, Nature 421
(2003) 79–83.
[29] D. Wagner, D. Przybyla, R. Op den Camp, C. Kim, F. Landgraf, K.P. Lee, M. Würsch,
C. Laloi, M. Nater, E. Hideg, K. Apel, The genetic basis of singlet oxygen-induced
stress responses of Arabidopsis thaliana, Science 306 (2004) 1183–1185.
[30] B. Osmond, M. Badger, K. Maxwell, O. Björkman, R. Leegood, Too many photons:
photorespiration, photoinhibition and photooxidation, Trends Plant Sci. 2
(1997) 119–121.
[31] N.P.A. Hüner, G. Öquist, V.M. Hurry, M. Krol, S. Falk, M. Grifﬁth, Photosynthesis,
photoinhibition and low temperature acclimation in cold tolerant plants,
Photosynth. Res. 37 (1993) 19–39.
[32] V.M. Hurry, A. Strand, M. Tobiaeson, P. Gardeström, G. Öquist, Cold hardening of
spring and winter wheat and rape results in differential effects on growth,
carbon metabolism, and carbohydrate content, Plant Physiol. 109 (1995)
697–706.
[33] M. Stitt, V. Hurry, A plant for all seasons: alterations in photosynthetic carbon
metabolism during cold acclimation in Arabidopsis, Curr. Opin. Plant Biol. 5
(2002) 199–206.
[34] E.D. Leonardos, L.V. Savitch, N.P.A. Hüner, G. Öquist, B. Grodzinski, Daily
photosynthetic and C-export patterns in winter wheat leaves during cold stress
and acclimation, Physiol. Plant. 117 (2003) 521–531.
[35] L.V. Savitch, E.D. Leonardos, M. Krol, S. Jansson, B. Grodzinski, N.P.A. Hüner, G.
Öquist, Two different strategies for light utilization in photosynthesis in relation
to growth and cold acclimation, Plant Cell Environ. 25 (2002) 761–771.
[36] A. Kozaki, G. Takeba, Photorespiration protects C3 plants from photo-oxidation,
Nature 384 (1996) 557–560.
[37] P. Streb, W. Shang, J. Feierabend, R. Bligny, Divergent strategies of photoprotec-
tion in high-mountain plants, Planta 207 (1998) 313–324.
[38] A. Wingler, P.J. Lea, W.P. Quick, R.C. Leegood, Photorespiration: metabolic
pathways and their role in stress protection, Phil. Trans. R. Soc. Lond. B 355
(2000) 1517–1529.
[39] D.R. Ort, N.R. Baker, A photoprotective role for O2 as an alternative electron sink
in photosynthesis? Curr. Opin. Plant Biol. 5 (2002) 193–198.
[40] K. Asada, The water–water cycle in chloroplasts: scavenging of active oxygens
and dissipation of excess photons, Annu. Rev. Plant Physiol. Plant Mol. Biol. 50
(2000) 601–639.
[41] U. Schreiber, C. Neubauer, O2-dependent electron ﬂow, membrane energization
and the mechanism of nonphotochemical quenching of chlorophyll ﬂuores-
cence, Photosynth. Res. 25 (1990) 279–293.
[42] G.P. Rédei, Somatic instability caused by a cysteine-sensitive gene in Arabidopsis,
Science 139 (1963) 767–769.
[43] G. Röbbelen, Gene controlled sensitivity toward red light in chloroplast
differentiation of Arabidopsis, Planta 80 (1968) 237–254.
[44] D. Wu, D.A. Wright, C. Wetzel, D.F. Voytas, S. Rodermel, The IMMUTANS
variegation locus of Arabidopsis deﬁnes a mitochondrial alternative oxidase
homolog that functions during early chloroplast biogenesis, Plant Cell 11 (1999)
43–55.
[45] P. Carol, D. Stevenson, C. Bisanz, J. Breitenbach, G. Sandmann, R. Mache, G.
Coupland, M. Kuntz, Mutations in the Arabidopsis gene IMMUTANS cause a
variegated phenotype by inactivating a chloroplast terminal oxidase associated
with phytoene desaturation, Plant Cell 11 (1999) 57–68.
[46] G. Peltier, P. Thibault, Oxygen-exchange studies in Chlamydomonas mutants
deﬁcient in photosynthetic electron transport-evidence for a photosystem II
dependent oxygen update in vivo, Biochim. Biophys. Acta 936 (1988) 319–324.
[47] L. Cournac, K. Redding, J. Ravenel, D. Rumeau, E.-M. Josse, M. Kuntz, G. Peltier,
Electron ﬂow between photosystem II and oxygen in chloroplasts of photosys-
tem I-deﬁcient algae is mediated by a quinol oxidase involved in chlororespira-
tion, J. Biol. Chem. 275 (2000) 17256–17262.
[48] S.E. Hart, B.G. Schlarb-Ridley, D.S. Bendall, C.J. Howe, Terminal oxidases of
cyanobacteria, Biochem. Soc. Trans. 33 (2005) 832–835.
[49] M. Bernroitner, M. Zamocky, M. Pairer, P.G. Furtmüller, G.A. Peschek, C. Obinger,
Heme-copper oxidases and their electron donors in cyanobacterial respiratory
electron transport, Chem. Biodivers. 5 (2008) 1927–1961.[50] A.E. McDonald, G.C. Vanlerberghe, Origins, evolutionary history, and taxonomic
distribution of alternative oxidase and plastoquinol terminal oxidase, Comp.
Physiol. Biochem. D 1 (2006) 357–364.
[51] A.E. McDonald, Alternative oxidase: an inter-kingdom perspective on the
function and regulation of this broadly distributed “cyanide-resistant” terminal
oxidase, Funct. Plant Biol. 35 (2008) 535–552.
[52] S.B. Gould, R.F. Waller, G.I. McFadden, Plastid evolution, Annu Rev Plant Biol. 59
(2008) 491–517.
[53] L. Cournac, E.-M. Josse, T. Joët, D. Rumeau, K. Redding, M. Kuntz, G. Peltier,
Flexibility in photosynthetic electron transport: a newly identiﬁed chloroplast
oxidase involved in chlororespiration, Phil. Trans. R. Soc. Lond. B 355 (2000)
1447–1454.
[54] C.T. Nomura, S. Persson, G. Shen, K. Inoue-Sakamoto, D.A. Bryant, Characteriza-
tion of two cytochrome oxidase operons in the marine cyanobacterium
Synechococcus sp. PCC 7002: inactivation of ctaDI affects the PS I:PS II ratio,
Photosynth. Res. 87 (2006) 215–228.
[55] R.A.E. Tilney-Bassett, Genetics of variegated plants, in: C.W. Birky, P.S. Perlman,
T.J. Byers (Eds.), Genetics and Biogenesis of Mitochondria and Chloroplasts, Ohio
State University Press, Columbus, 1975, pp. 268–308.
[56] J.T.O. Kirk, R.A.E. Tilney-Bassett, The Plastids, second edElsevier/North-Holland,
Amsterdam, the Netherlands, 1978.
[57] F. Yu, A. Fu, M. Aluru, S. Park, Y. Xu, H. Liu, X. Liu, A. Foudree, M. Nambogga, S.
Rodermel, Variegation mutants and mechanisms of chloroplast biogenesis, Plant
Cell Environ. 30 (2007) 350–365.
[58] C.M. Wetzel, C.Z. Jiang, L.J. Meehan, D.F. Voytas, S.R. Rodermel, Nuclear-organelle
interactions: the immutans variegation mutant of Arabidopsis is plastid
autonomous and impaired in carotenoid biosynthesis, Plant J. 6 (1994) 161–175.
[59] G. Sandmann, Evolution of carotene desaturation: the complication of a simple
pathway, Arch. Biochem. Biophys. 483 (2009) 169–174.
[60] M.R. Aluru, H. Bae, D. Wu, S.R. Rodermel, The Arabidopsis immutans mutation
affects plastid differentiation and the morphogenesis of white and green sectors
in variegated plants, Plant Physiol. 127 (2001) 67–77.
[61] D. Rosso, A.G. Ivanov, A. Fu, J. Geisler-Lee, L. Hendrickson, M. Geisler, G. Stewart,
M. Krol, V. Hurry, S.R. Rodermel, D.P. Maxwell, N.P.A. Hüner, IMMUTANS does
not act as a stress-induced safety valve in the protection of the photosynthetic
apparatus of Arabidopsis thaliana during steady state photosynthesis, Plant
Physiol. 142 (2006) 574–585.
[62] E.M. Josse, A.J. Simkin, J. Gaffé, A.M. Labouré, M. Kuntz, P. Carol, A plastid terminal
oxidase associated with carotenoid desaturation during chromoplast differen-
tiation, Plant Physiol. 123 (2000) 1427–1436.
[63] J. Barr, W.S. White, L. Chen, H. Bae, S. Rodermel, The GHOST terminal oxidase
regulates developmental programming in tomato fruit, Plant Cell Environ. 27
(2004) 840–852.
[64] M. Paumann, G. Regelsberger, C. Obinger, G.A. Peschek, Bioenergetic role of
dioxygen and the terminal oxidases in cyanobacteria, Biochim. Biophys. Acta
1707 (2005) 231–253.
[65] B.K. Hassani, A.-S. Steunou, S. Liotenberg, F. Reiss-Husson, C. Astier, S. Ouchane,
Adaptation to Oxygen: role of terminal oxidases in photosynthesis initiation in
the purple photosynthetic bacterium, Rubrivivax gelatinous, J. Biol. Chem. 285
(2010) 19891–19899.
[66] A.R. Grossman, K.R.M. Mackey, S. Bailey, A perspective on photosynthesis in
oligotrophic oceans: hypotheses concerning alternative routes of electron ﬂow,
J. Phycol. 46 (2010) 629–634.
[67] A.D. Millard, K. Zwirglmaier, M.J. Downey, N.H. Mann, D.J. Scanlan, Comparative
genomics of marine cyanomyoviruses reveals the widespread occurrence of
Synechococcus host genes localized to a hyperplastic region: implications for
mechanisms of cyanophage evolution, Environ. Microbiol. 11 (2009)
2370–2387.
[68] A.E. McDonald, S. Amirsadeghi, G.C. Vanlerberghe, Prokaryotic orthologues of
mitochondrial alternative oxidase and plastid terminal oxidase, Plant Mol. Biol.
53 (2003) 865–876.
[69] P.M. Finnegan, A.L. Umbach, J.A. Wilce, Prokaryotic origins for the mitochondrial
alternative oxidase and plastid terminal oxidase nuclear genes, FEBS Lett. 555
(2003) 425–430.
[70] A. Atteia, R. van Lis, J.J. van Hellemond, A.G. Tielens, W. Martin, K. Henze,
Identiﬁcation of prokaryotic homologues indicates an endosymbiotic origin for
the alternative oxidases of mitochondria (AOX) and chloroplasts (PTOX), Gene
330 (2004) 143–148.
[71] A.E. McDonald, G.C. Vanlerberghe, Alternative oxidase and plastoquinol terminal
oxidase in marine prokaryotes of the Sargasso Sea, Gene 349 (2005) 15–24.
[72] A. Fu, S. Park, S. Rodermel, Sequences required for the activity of PTOX
(IMMUTANS), a plastid terminal oxidase: in vitro and in planta mutagenesis of
iron-binding sites and a conserved sequence that corresponds to Exon 8, J. Biol.
Chem. 280 (2005) 42489–42496.
[73] S. Berry, Endosymbiosis and the design of eukaryotic electron transport,
Biochim. Biophys. Acta, Bioenerg. 1606 (2003) 57–72.
[74] D.A. Berthold, M.E. Andersson, P. Nordlund, New insight into the structure and
function of the alternative oxidase, Biochim. Biophys. Acta 1460 (2000)
241–254.
[75] T. Joët, B. Genty, E.-M. Josse, M. Kuntz, L. Cournac, G. Peltier Involvement, of a
plastid terminal oxidase in plastoquinone oxidation as evidenced by expression
of the Arabidopsis thaliana enzyme in tobacco, J. Biol. Chem. 277 (2002)
31623–31630.
[76] A.M. Lennon, P. Prommeenate, P.J. Nixon, Location, expression and orientation of
the putative chlororespiratory enzymes, Ndh and IMMUTANS, in higher-plant
plastids, Planta 218 (2003) 254–260.
967A.E. McDonald et al. / Biochimica et Biophysica Acta 1807 (2011) 954–967[77] M. Kuntz, Plastid terminal oxidase and its biological signiﬁcance, Planta 218
(2004) 896–899.
[78] E.-M. Josse, J.-P. Alcaraz, A.-M. Labouré, M. Kuntz In, In vitro characterization of a
plastid terminal oxidase (PTOX), Eur. J. Biochem. 270 (2003) 3787–3794.
[79] L.M. Casano, J.M. Zapata, M. Martín, B. Sabater, Chlororespiration and poising of
cyclic electron transport. Plastoquinone as electron transporter between
thylakoid NADH dehydrogenase and peroxidase, J. Biol. Chem. 275 (2000)
942–948.
[80] D. Rumeau, G. Peltier, L. Cournac, Chlororespiration and cyclic electron ﬂow
around PSI during photosynthesis and plant stress response, Plant Cell Environ.
30 (2007) 1041–1051.
[81] E. Heyno, C.M. Gross, C. Laureau, M. Culcasi, S. Pietri, A. Krieger-Liszkay, Plastid
alternative oxidase (PTOX) promotes oxidative stress when overexpressed in
tobacco, J. Biol. Chem. 284 (2009) 31174–31180.
[82] R.H. Bhate, T. Ramasarma, Catalase-dependent release of half of the consumed
oxygen during the activity of potato mitochondrial alternative oxidase conﬁrms
H2O2 as the product of oxygen reduction, Arch. Biochem. Biophys. 486 (2010)
165–169.
[83] I.M. Møller, A.G. Rasmusson, J.J. Siedow, G.C. Vanlerberghe, The product of the
alternative oxidase is still H2O, Arch. Biochem. Biophys. 495 (2010) 93–94.
[84] M.E. Andersson, P. Nordlund, A revised model of the active site of alternative
oxidase, FEBS Lett. 449 (1999) 17–22.
[85] D.A. Berthold, N. Voevodskaya, P. Stenmark, A. Gräslund, P. Nordlund, EPR
studies of the mitochondrial alternative oxidase. Evidence for a diiron
carboxylate center, J. Biol. Chem. 277 (2002) 43608–43614.
[86] A.L. Moore, J.E. Carré, C. Affourtit, M.S. Albury, P.G. Crichton, K. Kita, P. Heathcote,
Compelling EPR evidence that the alternative oxidase is a diiron carboxylate
protein, Biochim. Biophys. Acta 1777 (2008) 327–330.
[87] A. Fu, M. Aluru, S.R. Rodermel, Conserved active site sequences in Arabidopsis
plastid terminal oxidase (PTOX): in vitro and in planta mutagenesis studies,
J. Biol. Chem. 284 (2009) 22625–22632.
[88] T.S. Field, L. Nedbal, D.R. Ort, Nonphotochemical reduction of the plastoquinone
pool in sunﬂower leaves originates from chlororespiration, Plant Physiol. 116
(1998) 1209–1218.
[89] P. Streb, E.M. Josse, E. Gallouet, F. Baptist, M. Kuntz, G. Cornic, Evidence for
alternative electron sinks to photosynthetic carbon assimilation in the high
mountain plant species Ranunculus glacialis, Plant Cell Environ. 28 (2005)
1123–1135.
[90] P. Stepien, G.N. Johnson, Contrasting responses of photosynthesis to salt stress in
the glycophyte Arabidopsis thaliana and the halophyte Tellungiella halophila. Role
of the plastid terminal oxidase as an alternative electron sink, Plant Physiol. 149
(2009) 1154–1165.
[91] L.V. Savitch, A.G. Ivanov, M. Krol, D.P. Sprott, G. Öquist, N.P.A. Huner, Regulation
of energy partitioning during cold acclimation of Lodgepole pine is oxygen-
dependent, Plant Cell Physiol. 51 (2010) 1553–1570.
[92] M.J. Quiles, Stimulation of chlororespiration by heat and high light intensity in
oat plants, Plant Cell Environ. 29 (2006) 1463–1470.
[93] C. Tallón, M.J. Quiles, Acclimation to heat and high light intensity during the
development of oat leaves increases the NADP DH complex and PTOX levels in
chloroplasts, Plant Sci. 173 (2007) 438–445.
[94] M. Diaz, V. De Haro, R. Munoz, M.J. Quiles, Chlororespiration is involved in the
adaptation of Brassica plants to heat and high light intensity, Plant Cell Environ.
30 (2007) 1578–1585.
[95] J. Gamboa, R. Munoz, M.J. Quiles, Effects of antimycin A and n-propyl gallate on
photosynthesis in sun and shade plants, Plant Sci. 177 (2009) 643–647.[96] Y. Li, M. Sommerfeld, F. Chen, Q. Hu, Consumption of oxygen by astaxanthin
biosynthesis: a protective mechanismagainst oxidative stress in Haematococcus
pluvialis (Chlorophyceae), J. Plant Physiol. 165 (2008) 1783–1797.
[97] J. Wang, M. Sommerfeld, Q. Hu Occurrence, and environmental stress responses
of two plastid terminal oxidases in Haematococcus pluvialis (Chlorophyceae),
Planta 230 (2009) 191–203.
[98] Y. Allahverdiyeva, F. Mamedov, P. Mäenpää, I. Vass, E.-M. Aro Modulation, of
photosynthetic electron transport in the absence of terminal electron acceptors:
characterization of the rbcL deletion mutant of tobacco, Biochim. Biophys. Acta
1709 (2005) 69–83.
[99] E. Baena-González, Y. Allahverdiyeva, Z. Svab, P. Maliga, E.-M. Josse, M. Kuntz, P.
Mäenpää, E.M. Aro, Deletion of the tobacco plastid psbA gene triggers an
upregulation of the thylakoid-associated NAD(P)H dehydrogenase complex and
the plastid terminal oxidase (PTOX), Plant J. 35 (2003) 704–716.
[100] H. Mann, A. Cook, A. Millard, S. Bailey, M. Clokie, Marine ecosystems: bacterial
photosynthesis genes in a virus, Nature 424 (2003) 741.
[101] D. Lindell, J.D. Jaffe, Z.I. Johnson, G.M. Church, S.W. Chisholm, Photosynthesis genes
in marine viruses yield proteins during host infection, Nature 438 (2005) 86–89.
[102] P.R. Weigele, W.H. Pope, M.L. Pedulla, J.M. Houtz, A.L. Smith, J.F. Conway, J. King,
G.F. Hatfull, J.G. Lawrence, R.W. Hendrix, Genomic and structural analysis of
Syn9, a cyanophage infecting marine Prochlorococcus and Synechococcus,
Environ. Microbiol. 9 (2007) 1675–1695.
[103] J.G. Bragg, S.W. Chisholm, Modeling the ﬁtness consequences of a cyanophage-
encoded photosynthesis gene, PLoS ONE 3 (2008) e3550.
[104] S. Bailey, A. Melis, K.R.M.Mackey, P. Cardol, G. Finazzi, G. van Dijken, G.M. Berg, K.
Arrigo, J. Shrager, A. Grossman, Alternative photosynthetic electron ﬂow to
oxygen in marine Synechococcus, Biochim. Biophys. Acta 1777 (2008) 269–276.
[105] P. Cardol, B.G. Bailleul, An original adaptation of photosynthesis in the marine
green alga Ostreococcus, Proc. Natl. Acad. Sci. 105 (2008) 7881–7886.
[106] M. Shahbazi, M. Gilbert, A.-M. Labouré, M. Kuntz, Dual role of the plastid terminal
oxidase in tomato, Plant Physiol. 145 (2007) 691–702.
[107] G. Briton, Structure and properties of carotenoids in relation to function, FASEB J.
9 (1995) 1551–1558.
[108] O. Abrous-Belbachir, R. De Paepe, A. Trémolières, C. Mathieu, F. Ad, G. Benhassaine-
Kesri, Evidence that norﬂurazon affects chloroplast lipid unsaturation in soybean
leaves (Glycine max L.), J. Agric. Food Chem. 57 (2009) 11434–11440.
[109] W. Majeran, K.J. van Wijk, Cell-type-speciﬁc differentiation of chloroplasts in C4
plants, Trends Plant Sci. 14 (2009) 100–109.
[110] Y.N. Munekage, F. Eymery, D. Rumeau, S. Cuiné, M. Oguri, N. Nakamura, A.
Yokota, B. Genty, G. Peltier, Elevated expression of PGR5 and NDH-H in bundle
sheath chloroplasts in C4 ﬂaveria species, Plant Cell Physiol. 51 (2010) 664–668.
[111] K.M. Jones, R. Haselkorn, Newly identiﬁed cytochrome c oxidase operon in the
nitrogen-ﬁxing cyanobacterium Anabaena sp. strain PCC 7120 speciﬁcally
induced in heterocysts, J. Bacteriol. 184 (2002) 2491–2499.
[112] G. Rocap, F.W. Larimer, J. Lamerdin, S. Malfatti, P. Chain, N.A. Ahlgren, A. Arellano,
M. Coleman, L. Hauser, W.R. Hess, Z.I. Johnson, M. Land, D. Lindell, A.F. Post, W.
Regala, M. Shah, S.L. Shaw, C. Steglich, M.B. Sullivan, C.S. Ting, A. Tolonen, E.A.
Webb, E.R. Zinser, S.W. Chisholm, Genome divergence in two Prochlorococcus
ecotypes reﬂects oceanic niche differentiation, Nature 424 (2003) 1042–1047.
[113] G.C. Kettler, A.C. Martiny, K. Huang, J. Zucker, M.L. Coleman, S. Rodrigue, F. Chen,
A. Lapidus, S. Ferriera, J. Johnson, C. Steglich, G.M. Church, P. Richardson, S.W.
Chisholm, Patterns and implications of gene gain and loss in the evolution of
Prochlorococcus, PLoS Genet. 3 (2007) e231.
[114] H. Luo, J. Shi, W. Arndt, J. Tang, R. Friedman, Gene order phylogeny of the genus
Prochlorococcus, PLoS ONE 3 (2008) e3837.
